Highly correlated ab initio calculations (CCSD(T)) are used to compute gas phase spectroscopic parameters of three isotopologues of the methyl acetate (CH 3 COOCH 3 , CD 3 COOCH 3 , and CH 3 COOCD 3 ), searching to help experimental assignments and astrophysical detections. The molecule shows two conformers cis and trans separated by a barrier of 4457 cm −1 . The potential energy surface presents 18 minima that intertransform through three internal rotation motions. To analyze the far infrared spectrum at low temperatures, a three-dimensional Hamiltonian is solved variationally. The two methyl torsion barriers are calculated to be 99.2 cm −1 (C-CH 3 ) and 413.1 cm
INTRODUCTION
Methyl acetate (MeOAc, CH 3 COOCH 3 ) is a flammable liquid occasionally used as a solvent because of the low toxicity and fast evaporation rate. It is useful as the fast-evaporating component in high-low solvent systems of several polymers and resins. 1 In gas phase, it represents a relevant prebiotic astrophysical molecule for which eventual detection can be expected given the capability of the new ALMA observatory.
To our knowledge, gas phase experimental studies of MeOAc as well as quantum chemical studies of the isolated species are not very frequent. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Although, methyl acetate has not been already detected in astrophysical sources, new spectroscopic studies have been motivated by the setup of new radioastronomical observatories. 3 The presence of MeOAc in gas phase astrophysical sources was postulated because related molecules such as methyl formate, acetic acid, and many other organic compounds containing methyl groups are listed as astrochemical species. MeOAc could be possibly synthesized through multiple reaction pathways from molecules already detected in hot cores, most notably from acetic acid and methanol. 2 MeOAc lines can contribute to the spectral confusion in hot core surveys. 2 From 1956, the gas phase infrared and microwave spectra of methyl acetate have been measured. [4] [5] [6] [7] [8] [9] [10] Structure and a) Author to whom correspondence should be addressed. Electronic mail: senent@iem.cfmac.csic.es. b) Doctora Vinculada al IEM-CSIC; E-mail: rosa.dominguez@upm.es. c) E-mail: miguel.carvajal@dfa.uhu.es. d) E-mail: isabelle.kleiner@lisa.u-pec.fr. harmonic frequencies have also been calculated using ab initio methods. 3, 4, 11 MeOAc shows two conformers cis and trans (which refer to the direction of the MeO bond with respect to the C=O double bond), predicted to be different in energy ( H e ∼8.5 Kcal/mol ∼2970 cm −1 in Ref. 10) , that can interconvert through the torsion of the C-O single bond of the Ac group. In principle, because the corresponding torsional barrier is relatively high (∼4500 cm −1 ), the analysis of the vibrational spectra of the most stable cis-conformer at low temperatures seems to be possible neglecting conformer intertransformation. Even in this more favourable case, the spectral analysis is arduous because the molecule shows two additional internal motions which are the torsions of the two methyl groups that confer non-rigid properties. They each interconvert nine minima of the potential energy surface. The corresponding torsional energy levels are very low and could be populated at the low temperatures of the hot cores. To help astronomical survey analysis, at least two-dimensional models considering the non-rigidity are necessary. 3 Recently, Tudorie et al. 3 have performed a fit of more than 800 microwave and millimeter-wave transitions of cismethyl acetate using the code BELGI-Cs-2Tops developed by Kleiner 3 for molecules showing two inequivalent methyl rotors and a symmetry plane. This code for two inequivalent internal rotors follows another code for one internal top, BELGI-Cs (with a plane of symmetry) described in Ref. 12 . They have determined the barrier heights to be 102 cm −1 (C-CH 3 torsion) and 422 cm −1 (O-CH 3 torsion). Spectroscopic parameters calculated using second order perturbation theory developed for semi-rigid systems and a MP2/6-311++G** anharmonic force field are in a good agreement with the fitting parameters. 3 The BELGI-Cs-2Tops code 3 has been also employed to help the analysis of the high-resolution infrared spectrum in the C=O stretching region. 4 In the present paper, highly correlated ab initio methods are used to determine as many spectroscopic parameters as possible searching to help experimental assignments. To determine low energy levels of three isotopologues, CH 3 COOCH 3 , CD 3 COOCH 3 , and CH 3 COOCD 3 , for which experimental data are available, 3, 5 we solve variationally a three-dimensional Hamiltonian whose independent coordinates are the two torsional C-CH 3 and O-CH 3 angles plus the C-O torsional degree of freedom. This latter coordinate is essential in any model that attempts to describe excited states of each CH 3 top because of the proximity in energy of the three torsional fundamentals. Therefore, this model allows us to discuss previous assignments and to evaluate the effect of interactions between the central bond torsion and the methyl torsions. For these purposes, we have computed equilibrium structures and a three-dimensional potential energy surface. Symmetry considerations are taken into consideration to reduce computational expenses and for labeling the torsional levels. Since methyl acetate has same symmetry properties than ethyl-methyl-ether, we have used various subroutines recently developed. 13, 14 Our previous studies of molecules with methyl groups (acetic acid, 15 glicolaldehyde, 16 methyl formate, 17, 18 methanol, 19 and dimethyl ether 20, 21 ) are employed in the discussion of this paper.
COMPUTATIONAL DETAILS

Electronic structure calculations
All the electronic structure calculations have been performed with GAUSSIAN 09. 22 Molecular geometries have been optimized using MP2 (second order Möller-Plesset theory) and CCSD (coupled cluster using both single and double substitutions).
23 CCSD(T) single point calculations (CCSD + triple excitations added non-iteratively 24 ) have been achieved on the CCSD geometries to obtain more accurate energies. The Dunning's correlation consistent basis set cc-pVTZ has been employed in all the calculations. 25 For the 27 vibrational modes, harmonic fundamental frequencies have been computed from MP2 and CCSD force fields. Anharmonic band centers are also determined from an MP2 anharmonic force field using second order perturbation theory and the algorithms implemented in GAUSSIAN 09. 22 For the three torsional modes, the energy levels are calculated variationally with the code ENEDIM 26 developed for previous studies of non-rigid molecules. [15] [16] [17] Theoretical aspects employed in this code are detailed in Refs. 27-29.
RESULTS AND DISCUSSIONS
The structure of methyl acetate MeOAc displays two conformers cis and trans with a plane of symmetry that interconvert through the internal rotation of the C-O single bond. In Tables I-III, their structural  parameters, total electronic energies, relative energies, rota-TABLE I . CCSD and CCSD(T) total electronic energies (E, in a.u.) and relative energies (E r , in cm −1 ), CCSD/cc-pVTZ structural parameters, and rotational constants (in MHz) and dipole moments (μ in debye) of cis-methyl acetate. The numbering of the atoms is specified in Figure 2 . Figure 1 displays the two conformer interconversion process and Figure 2 represents the most stable cis-MeOAc structure and the three torsional coordinates α (C-O torsion) and θ 1 and θ 2 (methyl group torsions). In both conformers, one of the hydrogen atoms of each methyl group lies in the molecular symmetry plane. The α coordinate can be identified with the β = C5O3C1C4 dihedral angle (α = β -180 • ). Both conformers are asymmetric tops. The more asymmetric structure, the trans-, shows a significant dipole moment.
The CCSD(T) energy difference between the cis and trans geometries has been computed to be H e = 2723 cm 3 , respectively . The cis → trans process transition state is placed at α = 93
• and at ∼4500 cm −1 over the most stable geometry (see Table III and Figure 1 ). The transformation is accompanied by slight variations of 0.01 Å of the lengths of the C-C and C-O bonds and significant changes of the planar and dihedral angles. The behavior of MeOAc is comparable to the methyl formate case for which it was found two conformers cis and trans for which H e = 1854 cm
and the cis → trans barrier height V = 4826 cm −1 . 17 Although H e is relatively high, trans-methyl formate has been experimentally observed and tentatively detected in Sagittarius B2(N). 30 The two methyl torsional coordinates θ 1 (C-CH 3 ) and θ 2 (O-CH 3 ) are defined using six dihedral angles β 11 = H6C4C1O3, β 12 = H7C4C1O3, β 13 = H8C4C1O3, and β 21 = H9C5O3C1, β 22 = H10C5O3C1, β 23 = H11C5O3C1 TABLE II. CCSD and CCSD(T) total electronic energies (E, in a.u.) and relative energies (E r , in cm −1 ), CCSD/cc−pVTZ structural parameters, and rotational constants (in MHz), dipole moments (μ in debye) and harmonic fundamentals (in cm −1 ) of trans-methyl acetate. The numbering of the atoms is specified in Figure 2 . The methyl torsional barriers V 3 depend strongly on the α coordinate (see Table III and Figure 3 ) as well as the methyl interaction terms (see Figure 4 ). For the most stable cis-conformer, they have been determined to be 99.2 cm 3 (102 cm −1 and 422 cm −1 ). For the trans-conformer, they were computed to be 544.7 cm −1 (V 3 (C-CH 3 )) and 571.5 cm
). These parameters can be compared with those of similar molecules. For example, for methyl formate, 17 we have found a larger dependence of V 3 (O-CH 3 ) with α than in MeOAc (V 3 (O-CH 3 ) = 422 cm −1 (cis) and V 3 (O-CH 3 ) = 9 cm −1 (trans)). For acetic acid, 15 V 3 (C-CH 3 ) was found to be 169 cm −1 and for acetaldehyde 29 to be 392 cm −1 , whereas V 3 (O-CH 3 ) was determined to be 378 cm −1 for methanol 19 and to be 939 cm −1 for dimethyl ether. 20, 21 Therefore, for a realistic determination of the barriers, we have used a flexible model where three curvilinear internal coordinates are frozen, β = C5O3C1C4, β 11 , and β 21 , whereas a set of 24 coordinates are allowed to be relaxed. This allows us to take into consideration the interactions between torsions and high and medium frequency vibrational modes. FIG. 3 . Evolution of the methyl torsional barriers and the V T and Dif parameters with the α coordinate. The barriers and parameters can be determined from the total electronic energies with the equations: Figure 3 shows the evolution of the torsional barriers with the conformer transformation. Barriers are calculated from the total electronic energies with the equations:
Two other parameters V T and Dif defined as: V T = E(α,180,180) -E(α,0,0) and Dif = V T -V 3 (C-CH 3 ) -V 3 (O-CH 3 ), are also determined because they depend on the interactions between the two methyl groups. When Dif ∼0, as it almost occurs with the cis-conformer when the C-O torsion is not highly excited, both methyl groups rotate independently.
Full dimensional anharmonic analysis
Tables II and IV collect the infrared band center positions of cis-MeOAc and trans-MeOAc derived from the full-dimensional analysis. For the most stable cis-conformer, harmonic, and anharmonic fundamental frequencies of three isotopologues have been determined with MP2/cc-pVTZ and harmonic ones at the CCSD/cc-pVTZ level. In Table IV , they are compared with previous experimental data. For the less stable trans-MeOAc, only MP2 harmonic frequencies corresponding to the most abundant isotopic variety are shown in Table II .
Calculated frequencies of cis-MeOAc are compared with gas phase experimental data from George et al. 8 and Shimanouchi. 5 Five modes are predicted to lie below 500 cm −1 , three out-of-plane vibrations, the C-CH 3 torsion (ν 27 ), the O-CH 3 torsion (ν 26 ), the C-O single bond torsion (ν 25 ), and two in-plane bending modes ν 17 (COC bending) and ν 16 In gas phase, experimental data are available for only three low frequency modes: the two bending modes ν 16 and ν 17 and the ν 25 torsion. For the most abundant isotopologue, there is a good agreement between theoretical and experimental data for ν 16 , whereas ν 17 and ν 25 are underestimated. For the medium and high vibrational modes, the agreement is acceptable.
For the methyl group internal rotations, the PT2 model only represents a first approximation given the low torsional barriers. The model allows us to predict some spectroscopic parameters (rotational constants, centrifugal distortion constant, 31 etc.) as those that are shown in Table V and compared with experimental fitted data from Tudorie et al. 3 Although, the PT2 anharmonic analysis is not sufficient for a spectral analysis of a far infrared spectrum, it can be employed to predict interactions between the torsional modes and the remaining vibrational modes and to evaluate the validity of a reduced model in two or three-dimensions. For the isotopologues CH 3 -COOCH 3 and CD 3 -COOCH3, Fermi displacements of the 2ν 26 are expected given the proximity in energy of the ν 17 fundamental. The torsional modes ν 27 and ν 25 seem to be free of resonances caused by the 24 small amplitude vibrations.
The far infrared spectra (FIR)
To predict far infrared transitions of methyl acetate, we assume the independence of the three torsional modes with respect to the remaining vibrational modes. Thus, the torsional energy levels can be calculated by solving variationally a vibrational Hamiltonian depending on the three curvilinear coordinates α, θ 1 , and θ 2 :
14, 15, 27-29 In Eq. (1), Bq i q j represents the kinetic energy parameters that can be identified with the g q i q j elements of the G matrix (in cm −1 ):
V, V and V ZPVE are the three-dimensional potential energy surface, the pseudopotential and the zero point vibrational energy correction (for the definition of V see Refs. 27 and 28). They can be determined from the energies, geometries, and harmonic frequencies, respectively.
All the parameters of the 3D-Hamiltonian can be determined accurately using highly correlated ab initio methods. For this purpose, we have selected a grid of 148 geometries defined for a set of discrete values of the dihedral angles C5O3C1C4 (180 32 The 148 geometries are partially optimized with CCSD/cc-pVTZ where the remaining 24 coordinates are allowed to be relaxed in order to consider partially the vibrational interactions of the three torsional modes under study with the neglected 24 modes. Besides, the energies are refined performing single points CCSD(T)/cc-pVTZ calculations.
The 3D-potential energy surface, V(α, θ 1 , θ 2 ) (3D-PES), has been determined through the fitting of the 148 CCSD(T) energies to a symmetry adapted series which bear the totally symmetric representation of the Molecular Symmetry Group (MSG). CH 3 -COOCH 3 as well as the two isotopologues CD 3 -COOCH 3 and CH 3 -COOCD 3 can be classified in the C s point group and in the G 18 MSG (see the Appendix, Table I 
M=0
A −N3M−3 sin(Nα) cos (3Mθ 1 ) sin (3θ 2 )
V(α, θ 1 , θ 2 ) is the only Hamiltonian term in Eq. (1) that is isotopically invariant. See supplementary material where the computed 148 expansion coefficients A NML are provided. 35 The pseudopotential V´as well as the B qiqj depend on the isotopic substitution. For each isotopologue and geometry, they can be calculated using the subroutine MATRIZG 27, 28 implemented in the code ENEDIM 26 and fitted to equations formally identical to Eq. (2). For MeOAc, V is negligible in all the conformations and the kinetic parameters vary very slightly with the torsions. Their values (in cm 
represents a correction of the 3D-PES that usually shifts the torsional levels an amount of ∼5 cm −1 . With this correction, the contribution of the 24 neglected modes to the vibrational energy is taken into consideration. Otherwise, it is considered to be equal to zero since the geometry optimization minimizes it. For each isotopologue and for each MP2 geometry, V ZPVE (α, θ 1 , θ 2 ) is determined from the MP2/aug-cc-pVTZ harmonic frequencies ω i :
where n is equal to the number of independent coordinates, the three torsional modes in the case of methyl acetate in this paper. The sum starts with n + 1 because their contribution to the vibrational energy is considered explicitly in the variational calculations. Individual values of the ZPVE correction corresponding to the 148 conformations are fitted to totally symmetric series formally identical to Eq. (2). The Hamiltonian was solved variationally using as trial functions symmetry eigenvectors corresponding to the G 18 MSG. An acceptable numerical convergence requires 65 × 39 × 39 basis functions. The symmetry properties factorize the Hamiltonian matrix into blocks whose dimensions are 5493 (A 1 ) 5492 (A 2 ) and 10 985 (E 1 , E 2 , E 3 , E 4 , E 3 , E 4 ). Large matrices are pre-diagonalized using contracted basis sets since solutions of a one-dimensional Hamiltonian depending on α are multiplied by symmetry eigenvectors depending on θ 1 and θ 2 , to produce the trial function.
In Tables VI-VIII, the computed torsional energy levels and the FIR frequencies are shown for MeOAc and some of their deuterated isotopologues. In Table VI , the tunneling splittings of the levels that could be populated at low temperatures are also shown. All the energies are referred to the (vv v ) = (000) ground state and are labeled using the G 18 symmetry group and three vibrational quanta v, v , and v corresponding to the ν 25 , ν 27 , and ν 26 modes. All of them are assigned to the cis-conformer because they are lying below H e (∼2600 cm −1 ).
Below H e , each cis energy level splits into five components (A i (i = 1,2), E 1 , E 2 , E 3 , E 4 ) (see Table VI ), with degeneracies accounting for nine wave functions, because the cis conformer local potential energy surface presents nine minima derived from the two internal rotations of the methyl groups. The C-CH 3 first excited level (010) lies below the V 3 (C-CH 3 ) barrier (∼100 cm −1 , see . For the CH 3 -COOCH 3 main species, the computed torsional splittings in the vt = 0 ground torsional state (000) agree very well with the values inferred from the experimental microwave data using the BELGI-Cs-2Tops code, which are 1.15 cm for the A-E 3 and A-E 4 splittings. 3 For the O-CH 3 , the barrier height is ∼410 cm −1 . In this case, the first excited level (001) lies in the bottom of the well. Internal rotation splittings between A and E species are predicted to be 2.26 cm −1 for CH 3 -COOCH 3 , 2.55 cm −1 for CD 3 -COOCH 3 and 0.34 cm −1 for CH 3 -COOCD 3 . It is expected that some vibrational energies around 300 cm −1 and around 430 cm −1 in Table VI would interact strongly with ν 17 and ν 16 bands, respectively, due to their proximity in energy and, hence, their vibrational term values could be slightly different from those presented in this work. A more general procedure should be used in order to solve these possible energy shifts although this is out of the aim of this work.
FIR band centers for the three isotopologues are shown in Table VII . The three fundamental frequencies 000 → 100 (ν 25 ), 000 → 010 (ν 27 ), and 000 → 001 (ν 26 for CD 3 -COOCH 3 and CH 3 -COOCD 3 5 ). Unfortunately, for ν 26 and ν 27 , there are not direct measures of far infrared bands in gas phase that permit us to evaluate the accuracy of our calculated values. For ν 25 , there is only a low resolution measurement in the solid phase and again no gas phase measurement so far. It has to be remarked that our PT2 fulldimensional calculations predict Fermi resonances between the 2ν 26 overtone and the ν 17 COC bending fundamental which are not considered in our 3D model. Finally we can also compare the ab initio values of the FIR 000 → 010 (ν 27 ) and 000 → 001 (ν 26 ) band centers for the main isotopologue to the values extrapolated from our calculation using the BELGI-Cs-2Tops code which are 62.6 cm −1 and 133.08 cm −1 , respectively. 3 Those values represent only an extrapolation because neither rotational transitions within the first excited torsional states of any top nor far-infrared transitions have been analyzed so far. Nevertheless, they are quite close. 
A comparison between theoretical models and experimental data
Usually, the large amplitude vibrations of two methyl group systems are analyzed using two-dimensional effective Hamiltonians depending on the two internal rotations. Recently, Tudorie et al. 3 have developed a fitting program for the analysis of the microwave and millimeter-wave spectra of molecules with two inequivalent methyl tops and a symmetry plane such as MeOAc. To compare our new ab initio results with the available fitted parameters, 3 we have reduced our 3D-PES 35 to obtain a 2D-surface, 21 by freezing the α coordinate at 0
• . Then, we obtain 
In The corresponding levels (last column of ), computed by a least-squares fitting through BELGI-Cs-2Tops code and choosing, as a starting point in the fitting procedure, the values determined from the MP2/6-311++G** equilibrium geometry (see Table VII of Ref. 3). All the energies listed on the last column of Table VII are for A species and for J = K = 0 energy levels, and since there is so far no experimental data for excited torsional states in methyl acetate, these energies represent only extrapolations using the molecular parameters determined from the v t = 0 fit.
With the exception of the sin3θ 1 sin3θ 2 term coefficient (A 0−3−3 ), the good agreement between the two surfaces (Eq. (4) and (5)) and the kinetic parameters is evident. These two equations contain a different number of terms because the number of fitted coefficients was restricted by the set of available experimental lines that correspond to transitions involving a limited number of vibrational states. The ab initio calculations of this work predict values of the V 6 coefficients of the cos6θ i terms that are not negligible (V 6 (C-CH 3 ) = 0.548 cm −1 , V 6 (O-CH 3 ) = −13.447 cm −1 ), which justify energy differences for the higher excited states. For further spectral analysis involving excited torsional states, it will be very useful to employ the ab initio V 6 parameters as starting point for the fitting procedure.
Differences for other terms are very small. For example, A 033 differs ∼4 cm −1 but these differences can be related to the number of expansion terms, i.e., the coefficients A 063 and A 036 are different than zero in the ab initio potential surface while they are fixed to zero in the fitted potential surface.
Differences between the A 0−3−3 terms of Eq. (4) and (5) can be correlated to the interactions between the O-CH 3 torsion and the C-O torsion (modes ν 26 and ν 25 ). A 0−3−3 , as well as B θ1θ2 , is responsible for the difference between the two methyl torsion fundamentals. Whereas Eq. (4) provides (010) = 64.9 cm −1 and (001) = 141.2 cm −1 , the levels determined using Eq. (5) are (010) = 62.6 cm −1 and (001) = 133.1 cm −1 . A good agreement for (010) is obtained whereas (001) differs. However, the 3D energies, that retain the ν 25 and ν 26 interactions, ((010) = 63.7 cm −1 and (001) = 136.1 cm −1 ), are in a good agreement with the empirical results. Apart from that difference, differences among ab initio energies calculated with the 3D, 2D and 1D models are not important. It can be inferred that the three torsional modes are "almost independent" although, especially for high energies where resonances are more significant, the 3D-model results are the most reliable.
CONCLUSIONS
Highly correlated ab initio calculations have been used to compute gas phase spectroscopic parameters of CH 3 (C-O torsion) providing torsional state separations. These are relatively large for the first excited levels assigned to the C-CH 3 torsion. Differences between energies calculated with the 3D-model and 2D-and 1D-reduced models are not relevant. It can be inferred that the three torsional modes are "almost independent" although, especially for high energies where resonances are more significant, the 3D-model results are the most believable. In general, the agreement between the present pure ab initio results and previous fitted parameters determined using an effective Hamiltonian is evident. For further analysis involving excited torsional states, it is recommendable to use the V 6 ab initio coefficients as starting point for further fittings. 
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